We haveestablished theoptimal conditions for use of sodium borohydride as the reducing agent before the direct determination of mercury in water, urine, and blood by atomic absorption spectroscopy. We evaluated the effects of pH, temperature, and cupric sulfate concentration on the direct determination of both organic and inorganic compounds of mercury. Accurate and precisequantification of mercury requires thatthe pH be between 9.3 and 9.5, the reaction temperatureabove 25 #{176}C, the reaction time longerthan 1 mm, and, for urine samples only,the cupricsulfate concentration 10 &mol/L. The detection limit of the method is 1 to 2 ng and the precision (CV) is3.8% forbloodand 4.0% for urine. We studied the use of sodium borohydride as a reducing agent for the direct determination of mercury. The resulting
urine. 
Materials and Methods

Reagents.
All reagents used were of analytical grade. Mercuric chloride, molecular sieve 4A, and the anti-foam agent, tri-n-butyl phosphate, were from British Drug House, Bucks., U.K.; methylmercury(II) chloride was from Columbia Organic Chemicals, Columbia, SC 29290; and phenylmercuric acetate was from Aldrich Chemical Co., Milwaukee, WI 53201. All glassware was soaked in concentrated nitric acid for several hours, washed exhaustively with doubly distilled water, and dried in an oven. Heparinized or citrated normal human blood samples and 24-h urine samples were collected in polyethylene bottles.
We prepared the followingaqueous solutions: sodium borohydride,100 g/L in NaOH (1 molIL);NaOH, 50 gIL; H2S04, 50 mL/L; NaHCO3, 1 molIL;and cupricsulfate, 0.83
Aqueous standard stock solutionsof mercuric chloride (Hg,250 mg/L),methylmercury(ll) chloride (Hg, 100 mg/L), and phenylmercuricacetate(Hg, 250 mgfL) were prepared by adding 33.82 mg of mercuric chloride,12.52 mg of methylmercury(H) chloride, and 41.96 mg of phenylmercuricacetate, respectively, to 100-mL volumetricflasks and dilutingto volume. Aqueous standards of the mercury compounds (10 pg of Hg per milliliter) were prepared by appropriate dilutions ofthe above standards. The 10 .tg/mL standardswere furtherdilutedwith water to obtain the working standards.
Apparatus.
To measure mercury,we used the Model 50A mercury analyzer (Perkin-Elmer Corp., Norwalk, CT 06856), assembled as illustrated in Figure 1 .The reaction tubes were 2.5 x 20 cm glass tubes. The drying tubes consisted of a 1-L Erlenmeyer flask, containing about 600 mL of doubly distilled water, and an 0.8 x 22 cm glass pipe filled with molecular sieve 4A. Air flow, monitored with a flowmeter, was directed through the reaction tube and the drying tubes into the absorption cell.
Procedure,
Prepare aqueous standards of mercury (10 to 500 ng) from a standard 1 pg/mL solution of the appropriate mercury compound. Add standard to the reactiontube, followedby distilled water up to 2 mL and 6 ml..of the NaHCO3 solution, asbuffer. Beforetheanalysis, run several blanks through the system,to remove tracemercury contaminants and to ensure a stableblank signal.
Determine mercury in blood samples as follows: Pipet 1 mL ofwhole bloodintothe reaction tube.Add the mercury standard,0.1mL ofthe antifoamagent,distilled water (up to 2 mL), and 6 mL ofthe bicarbonate buffersolution. When To study the effect of pH on the mercury analysis, we substituted 6 mL of distilled water containing various amounts of H2S04 solution for the 6 mL of the NaHCO3 buffer. We also studied the effect of temperature on the mercury determination.
The following two factors must be especially considered during determination of mercury: (a) The peak absorbance depends on the air flow, the length of the absorption cell, the final volume, and the dead volume of the apparatus.
All these must therefore be kept constant.
(b) The mean analytical recovery of mercury standards added to water, blood, and urine is not precisely the same (7, 9) . Therefore, the calibration standard must be prepared in the same matrix as the sample.
Results and Discussion
Sodium borohydride, a mild specific reducing agent, reduces groups such as aldehydes and disulfides but not organic cids or sulfoxides. It reacts violently with water to liberate hydrogen. Under alkaline aqueous conditions, however-e.g., 1 molJL NaOH-the solution is more stable and can be kept for several weeks. Sodium borohydride reacts with mercury compounds to form elemental mercury. We determined the optimal conditions for the measurement of mercury by an intensive study of the effects of temperature and pH on the analytical recovery of mercury compounds.
Effect of pH and temperature.
Figures 2 and 3 illustrate the analytical recovery of inorganic and organic mercury compounds from blood samples as a function of pH and temperature.
The determination of mercuric chloride is independent of both pH and temperature; e.g., the recovery of 0.3 pg of mercuric chloride from blood at both pH 13.3 and pH 8.8 is about the same, 97%, which is the same as for mercuric chloride at temperatures of 32 #{176}C and 4 #{176}C. On the other hand, analytical recovery of methylmercury chloride depends highly on pH and temperature, being optimum between pH 9.3 and 9.5 and at temperatures above 25 #{176}C. These same comments apply to recovery of mercuric chloride and methylmercury chloride from water and urine. Effect of reaction time. Analytical recovery of mercuric chloride in water, blood, or urine is independent of the reaction time. Therefore, mercuric chloride can either be determined immediately after the sodium borohydride solution is added or later. Methylmercury chloride, however, should not be analyzed until at least 1 mm after the sodium borohydride solution is added.
Effect of cupric sulfate. The concentration of cupric sulfate does not influence the determination of mercuric chloride in urine or of mercuric chloride and methylmercury chloride in T(#{176}C) water and blood. For urine, however, the recovery of methylmercury chloride is highly dependent on the cupric sulfate concentration, being optimum at 10 mol of Cu504 per liter ( Figure 4) (8) .
Precision.
We prepared blood and urine samples containing 100 ng of mercury per milliliter by adding a standard containing equal amounts of mercury as mercuric chloride and methylmercury chloride. Twenty replicate analyses, under the optimum conditions described above, of 1-mL aliquots of these samples yielded CVs of 3.8% for blood and 4.0% for urine.
Analytical recovery. Samples of urine and citrated plasma from five normal volunteers were collected in polypropylene containers. To each sample we added either mercuric chloride, methylmercury chloride, or phenylmercuric acetate (final concentration 100 ng/mL). Analytical recoveries of these compounds from blood and urine consistently exceeded 96% (Table 1) .
Detection limit. The detection limit, defined as the quantity of the element that gives a reading equal to twice the standard deviation of a series of at least 10 determinations of a near-blank concentration (10), was 1 to 2 ng of Hg in blood and urine.
Notes: In general, inorganic mercury compounds such as mercuric nitrate and organic mercury compounds such as phenylmercuric acetate, behave like mercuric chloride and methylmercury chloride, respectively. Compounds of alkaline and alkaline earth metals such as NaCl, KC1, CaCl2, and MgC12 (1 mol/L) do not interfere in the analysis for mercury.
The method described is also applicable to sea water. Mercury compounds, particularly organic mercury compounds, should be measured under optimum conditions, pH 9.3-9.5, temperature 25 #{176}C (or above), reaction time 1 mm (or more), and cupric sulfate concentration (for urine samples only) of 10 pmolIL. Under these conditions we observed a linear relationship between analytical recoveries and concentration of added mercury in the range 0.05 to 0.7 pg per sample. If the optimal conditions are not followed closely, recovery of organic mercury will be incomplete and the total mercury concentration calculated for a sample will be low.
